The structure of graphite-adsorbed n-alkanes for 10 ≤ n ≤ 20 has been investigated by SAXS. Below the bulk melting point, T m , and for alkanes with even n, two distinct diffraction peaks are observed, one associated with the bulk and the other with the surface structure. For alkanes with odd n, only one peak is observed below T m ; above T m a significant reduction in intensity is found, indicating melting of the bulk, but a peak remains. The intensity at T m increases with n and correlates with previous pyknometric and calorimetric measurements. The surface-adsorbed structure has a repeat corresponding to the orthorhombic spacing of the bulk alkane crystal.
Introduction
The structure and phase behaviour of thin films is relevant to all areas of interfacial science and graphite-adsorbed n-alkane films are one such well-studied example. Intense studies were conducted throughout the 1960s showing that the adsorption and immersion enthalpy of alkanes increases with chain length and decreases with temperature (Kiselev, 1961; Clint, Clunie, Goodman & Tate, 1969; Everett & Findenegg, 1969) . Brown showed that the surface excess concentration was also dependent on n and proportional to the immersion enthalpy (Brown, Everett, Powell & Thorne, 1975) . More recently, scanning tunnelling microscopy (STM) has shown nalkanes form well-defined lamellar structures on graphite with each chain taking an all-trans conformation with the long-axis aligned parallel to the graphite basal plane, e.g. (Gilbert, White & Senden, 1994) . While techniques such as pyknometry and calorimetry have been widely used to study these systems, measurements cannot be conducted below the bulk melting point, T m , of the alkane. STM not only has imaging limitations above T m but tip-surface effects have been implicated as the reason why adsorbed films are sometimes not detected in STM despite other evidence that adsorption has taken place. In contrast, we show that SAXS is an excellent technique to probe the structure and phase behaviour of adsorbed n-alkanes, both above and below T m , and present here results for chains with 10 ≤ n ≤ 20.
Experimental
We have used the high density porous substrate, Papyex (Le Carbone-Lorraine), characterised by the preferential orientation of the graphite (0001) planes parallel to the macroscopic surface and whose pores are fully connected and therefore completely fillable (Gilbert, Reynolds & White, 1996; Gilbert, Reynolds & White, 1998b) . Samples were prepared from high purity alkanes (Table 1) as described previously (Gilbert, Reynolds, White, 1998a) . SAXS measurements were carried out on the camera at the Australian National University which uses Cu K α radiation (Aldissi, Henderson, White & Zemb, 1988) and experiments conducted on stacks of three doped Papyex disks in transmission geometry. Since the alkane adsorbs onto the graphite basal planes, in this orientation, the scattering vector, Q, lies predominantly in the plane containing the long-axes of the adsorbed alkane molecules. Table 1 n-Alkanes used in this study. Transition temperatures were determined using differential scanning calorimetry with a ramp rate of 5ºCmin -1 . T rot and T melt correspond to the low temperature phase to rotator phase and rotator phase to melt transitions respectively. 3. Results Figure 1i shows an STM image of graphite at room temperature after placing several drops of pure n-hexadecane (T m = 18.2ºC) onto the surface. The liquid alkane undergoes ordering at the graphite surface although forming much less defined structures than those observed for longer chains (cf. Figure 1ii for n-C 36 H 74 ), where the molecules are separated laterally from one another within a single lamella and separated longitudinally by prominent troughs (Gilbert, White & Senden, 1994) . The tilt of the alkane chains with respect to the graphite troughs, in addition to the orientation of the alkane backbone relative to the substrate plane, have been discussed extensively by Rabe and co-workers, e.g. (Hentschke, Schürmann & Rabe, 1992) . Experiments on n-decane (T m = -30ºC) show no observable ordering at room temperature (Gilbert, 1997) . The lack of intralamellar resolution has been previously interpreted in terms of the extent of molecular mobility as determined by the difference between the melting point of the alkane and the experimental temperature (McGonigal, Bernhardt & Thomson, 1990) .
The SAXS at 18.2ºC is shown in Figure 2 for odd and even alkanes with 11 ≤ n ≤ 20 adsorbed on Papyex. For the odd alkanes, C 11 H 24 exhibits no peak; a weak peak is observed for C 13 H 28 (Q ca. 0.34 Å -1 ), a stronger peak for C 15 H 32 (ca. 0.30 Å -1 ) while a significantly sharper and more intense peak is exhibited by C 17 H 36 (0.268(1) Å -1 ). Note that the latter peak has been plotted on a different scale to enable the features of the shorter-chain systems to be seen. No peaks are observed for the even alkanes, C 12 H 26 or C 14 H 30 , at this conference papers are observed for the even alkanes, C 12 H 26 or C 14 H 30 , at this temperature; one peak is observed for C 16 H 34 (ca. 0.28 Å -1 ) and two peaks are observed for C 18 H 38 (ca. 0.25 and 0.271(1) Å -1 ) and C 20 H 42 (ca. 0.23 and 0.248(1) Å -1 ). For the latter two alkanes, this is approximately ten and eighteen degrees below the bulk melting point, T m , of these compounds respectively (Table 1) . As a general trend, the peak intensity increases with n. Figure 3 shows the effect of increasing temperature on the nhexadecane peak profile close to and above T m . Above T m , the observed peak position corresponds to a spacing of ca. 22 Å. It has a characteristic asymmetric Warren lineshape (Warren, 1941) consistent with the two-dimensional order associated with thin films and corresponds to the surface-adsorbed structure shown in Figure 1i . Below the bulk melting point, an additional, more intense peak is observed whose repeat-spacing is 20.7(1) Å. This is in excellent agreement with the bulk triclinic 001 reflection from C 16 H 34 (Nyburg & Potworowski, 1973) . SAXS patterns for n-C 14 H 30 and n-C 18 H 38 display the same features with strong peaks observed below the bulk melting point at Q = 0.342(2) Å -1 , d = 18.4(1) Å and Q = 0.271(2) Å -1 , d = 23.2(1) Å, respectively. These distances again correspond closely to the bulk triclinic repeat-spacings (Nyburg & Potworowski, 1973) . The peak intensities of the surface structures, located at Q ca. 0.32 Å -1 and 0.25 Å -1 (d ca. 20 Å and 25 Å) also decay quickly with increasing temperature.
Figure 2
Variation in SAXS with alkane adsorbate: SAXS patterns at 18.2ºC for Papyex doped with i) n = odd: n-C 11 H 24 , n-C 13 H 28 , n-C 15 H 32 and n-C 17 H 36 ; and ii) n = even: n-C 12 H 26 , n-C 14 H 30 , n-C 16 H 34 , n-C 18 H 38 and n-C 20 H 42 . The scattering from n-C 17 H 36 is displayed on an extended scale. The patterns have been shifted vertically for clarity.
The surface peak intensity has been measured, over a range of temperatures above T m , for n = 14, 15, 16 and 18 and is found to decrease quickly with temperature. It is still possible, however, to observe the surface-adsorbed peak some 30ºC above T m and calorimetric evidence identifies an adsorbed structure more than one hundred degrees above T m , indicating significant stability at the surface (Brown, Everett, Powell & Thorne, 1975) . At a particular experimental temperature, however, the alkanes are not in corresponding states; a reduced temperature, ∆T, has thus been used in fitting exponential functions to the peak intensity. The intensity at T = T m increases with carbon number as does the rate of decay with temperature (Figure 4i ) in the same way as the enthalpy of immersion i ii (Brown, Everett, Powell & Thorne, 1975) and the surface excess concentration (Ash & Findenegg, 1970; Kern, Rybinski & Findenegg, 1977) .
Figure 3
SAXS patterns for n-hexadecane doped Papyex at 16, 22 and 28ºC.
The patterns have been shifted vertically for clarity.
Unlike the even alkanes, only one peak is observed for odd alkanes for T < T m ; this is shown in Figure 5 for C 15 H 32 . Below T m , this peak is intense, but as the temperature increases towards the bulk melting point, the intensity suddenly collapses; however, a weaker peak remains. The peak appears at Q ca. 0.298(2) Å -1 (d = 21.1(1) Å) and corresponds closely to the repeat for the bulk, orthorhombic structure, of this alkane (Nyburg & Potworowski, 1973) .
The SAXS from C 16 H 34 is shown in Figure 6 at temperatures close to and below T m . The surface peak intensity decreases with temperature and does not remain constant as might naively be expected. Also, as the intensity of the surface peak decreases, the intensity of the bulk peak increases, suggesting a transition from the surface-adsorbed to the bulk structure ( Figure 4ii ); similar behaviour is exhibited in the other n-even systems.
Discussion
Peaks observed for T > T m show that the graphite surface induces ordering of the adsorbed alkane. The decay in I(∆T) for T > T m can be qualitatively understood in terms of progressive melting of a hydrocarbon multilayer. At temperatures close to T m , the graphite surface stabilises a number of alkane layers and this number is dependent on n. With increasing temperature, the most distant layers from the surface progressively melt; the final layer melting being that of the surface monolayer. As the temperature approaches T m from above, an intense peak suddenly emerges due to the freezing of the bulk hydrocarbon. The behaviour of the peak associated with the surface-adsorbed structure, at lower Q, is more complex. Its intensity increases with decreasing temperature until reaching a temperature, which is dependent on chain length, beyond which a monotonic decrease in intensity takes place (Figure 4ii ). This temperature will be referred to as T peak indicating that it is the temperature at which the diffracted intensity associated with the surface structure is at its maximum. T peak is approximately one degree below T m for C 16 H 34 . From a knowledge of the surface area of Papyex, the mass of adsorbed alkane and that the graphite pores are completely filled, we estimate that ca. 3, 9 and 24 layers of C 14 H 30 , C 16 H 34 and C 18 H 38 are stabilised at T peak .
Figure 4
i) Peak intensity versus reduced temperature, ∆T, (experimental temperature minus bulk melting temperature) for C 14 H 30 , C 15 H 32 , C 16 H 34 and C 18 H 38 , for T > T m . Also shown is a single exponential fit to the data; ii) Surface, bulk and total peak intensities for the Papyex-C 16 H 34 system.
Figure 5
SAXS patterns for n-pentadecane doped Papyex at 9, 13 and 18ºC. The patterns have been shifted vertically for clarity.
Figure 6
SAXS patterns for n-hexadecane doped Papyex at 8, 14 and 16ºC. The patterns have been shifted vertically for clarity.
conference papers
The bulk structure of an n-alkane is dependent on its chain length and parity. For 10 ≤ n ≤ 20, even alkanes form triclinic crystal structures whereas odd alkanes form orthorhombic structures. The repeatspacings associated with these crystal structures are summarised in Table 2 along with the bulk and surface repeats observed in the SAXS. It can be seen that there is good agreement between the repeat-spacings of the surface-adsorbed structures and the orthorhombic structures for the odd alkanes and hypothetical orthorhombic structures for the even alkanes.
For even n, with decreasing temperature, the concerted increase in the bulk peak intensity and decrease in the adsorbed peak intensity suggests a transfer of material from the surface (orthorhombic) structure to the bulk (triclinic) structure. At temperatures below T m , the bulk alkane and the graphite have competing templating effects; layers closest to the surface will be affected predominantly by the graphite, while layers further away will be affected by the bulk. As the experimental temperature is reduced, the bulk structure becomes increasingly more stable and its influence extends further towards the surface. This is shown schematically in Figure 7 .
The intensity associated with the adsorbed structure above T m may be adequately fitted by a simple exponential function, I(∆T) = K 0 + K 1 exp (-K 2 ∆T), with the sum of K 0 and K 1 providing a relative measure of the quantity of adsorbed material at T m (Figure 4i ). Two quantities have been used previously to examine the adsorption of alkanes on graphite: the surface excess concentration, Γ σ , equal to the surface excess mass per unit surface area of substrate and the enthalpy of immersion per unit area, ∆H imm /A. The first quantity is obtained from volumetric measurements, such as pyknometry, as the ordering, which occurs in the layers closest to the graphite surface on physisorption, results in a difference in density of adsorbed alkane relative to the surrounding bulk alkane (Kern, Rybinski & Findenegg, 1977) . The enthalpy of immersion, also referred to as the heat of wetting, is a measure of the energy release resulting from the adsorption of the total amount of liquid by the adsorbate and not simply of a monolayer. Values for Γ σ and ∆H imm /A reported at T m for C 14 H 30 , C 16 H 34 and C 18 H 38 are shown in Table 3 along with values for (K 0 + K 1 ). Γ σ has been shown to be proportional to n and proportional to ∆H imm /A previously (Brown, Everett, Powell & Thorne, 1975) . We find here that (K 0 + K 1 ) is also proportional to both these quantities yielding the empirical relationships (K 0 + K 1 ) = 45.1Γ σ -122 and (K 0 + K 1 ) = 0.578(∆H imm /A)-57.0.
Below T peak , the decay in intensity with decreasing temperature is also dependent on carbon number (Gilbert, Reynolds & White, 1998a) . The loss in intensity associated with the adsorbed structure follows the same trend as that observed above T m suggesting increasing stabilisation of the bulk phase relative to the surface structure with decreasing temperature.
Conclusions
The structures formed by 10 ≤ n ≤ 20 alkanes adsorbed on Papyex have been studied using SAXS. When the alkane, in its liquid phase, is brought close to the graphite surface, ordering of the hydrocarbon molecules occurs. Below T m , and for alkanes with even carbon number, two distinct peaks are observed in the small-angle region, one associated with the bulk and the other with the surface structure.
Above T m only one peak remains. For alkanes with odd carbon number, only one peak is observed below T m ; above T m a significant reduction in peak intensity is found, indicating melting of the bulk, but a peak remains.
The intensity of the surface peak decreases with temperature above T m and may be attributed to continuous melting of the alkane multilayer; those layers furthest from the surface overcoming the graphite influence first. The surface-adsorbed structure also reduces in quantity at temperatures less than T peak . From an analysis of the relative intensities of the surface and bulk peaks, there is strong evidence for the transfer of material from the surface to the bulk structure.
The peak intensity at T m increases with carbon number indicating increasing stabilisation with increasing chain length. This agrees with enthalpy of immersion and surface excess concentration data reported previously. The long-spacing of the surface structure increases smoothly with carbon number. For odd n-alkanes, the position corresponds to that of the bulk orthorhombic phase; for even nalkanes, the surface-structure has the same repeat as the hypothetical orthorhombic phase.
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Figure 7
Variation in relative amounts of adsorbed and bulk alkane structures with temperature. The pores in Papyex are ca. 300 -400 Å in height thus complete filling corresponds to ca. 80 -90 alkane layers.
Table 2
Repeat-spacings for surface and bulk peaks observed from SAXS and orthorhombic and triclinic repeat-spacings from bulk alkane crystals (Nyburg & Potworowski, 1973) . * These values correspond to the hypothetical orthorhombic repeat-spacings. Table 3 Surface excess concentration, Γ σ , and enthalpy of immersion per unit surface area, ∆H imm / A, for alkanes adsorbed on Graphon at T = T m (Brown, Everett, Powell & Thorne, 1975; Kern, Rybinski & Findenegg, 1977) and (K 0 + K 1 ) from fitting of surface peak intensity as function of reduced temperature for ∆T ≥ 0. 
